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Increasing photosystem I activity by 
covalently attached organic dyes  
 
Photosynthesis is an efficient mechanism of solar energy conversion into chemical energy. One of 
the key players in this process is the protein photosystem I (PSI) that converts incident photons 
into separated charges, which makes this protein attractive for applications in bio-inspired 
photoactive hybrid materials. However, the efficiency of PSI is still limited by its poor absorption 
in the green part of the solar spectrum. Inspired by the existence of natural phycobilisome light-
harvesting antennae, we have widened the absorption spectrum of PSI by covalent attachment of 
synthetic dyes to the protein backbone. Steady-state and time-resolved photoluminescence reveal 
that energy transfer occurs from these dyes to PSI. It is shown by oxygen-consumption 
measurements that subsequent charge generation is substantially enhanced under broad and 
narrow band excitation. Ultimately, surface photovoltage experiments prove the enhanced activity 
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5.1 Introduction   
 
During photosynthesis, absorbed sunlight is efficiently converted into chemical energy. The 
membrane multi-protein complex photosystem I (PSI) plays a key role in this process, as it 
converts photons into separated charges with 1 V potential difference at near 100% quantum 
efficiency. The two most important features of PSI are charge separation and light harvesting. 
Charge separation takes place in the core of the complex within the reaction center at a special 
pair of chlorophylls named P7001. From there, the excited electrons migrate through the chain of 
primary electron acceptors A0 (Chla), A1 (phylloquinone), FX, FA and FB (Fe4S4 clusters), thereby 
traversing almost the entire volume of PSI2. The resulting hole at P700 is refilled by the electron 
carrier cytochrome c6 from the lumen side resetting PSI for the next photo-excitation. For the 
second important function, i.e. light harvesting, a network of pigment antennae surrounding the 
reaction center is responsible3-5. However, an essential part of the solar energy is not exploited by 
PSI because these photosynthetic pigments including chlorophylls and carotenoids do not absorb 
light in the wavelength range of 450-600 nm, which is termed the “green gap”. Although the 
intensity of the sunlight reaches its maximum in this spectral region, PSI harvests the light poorly 
at these wavelengths. The lack of absorption in the green gap is a consequence of the chlorophyll 
absorption spectrum with its characteristic Soret- and Q bands with maxima at 430 nm and 
665 nm, respectively. The low absorbance between these two peaks significantly reduces the 
energy conversion efficiency of the multi-protein complex. In nature, partial closing of this gap is 
realized with the help of other protein complexes, such as phycobilisomes, which are found in 
cyanobacteria and red algae6. The protein assemblies absorb light in the range between 500 to 
650 nm with the help of phycobilin pigments that are contained in special molecular aggregates 
called phycoerythrin, phycocyanin and allophycocyanin. These complexes funnel absorbed light 
energy to PSI and PSII for photosynthetic reactions7, 8. To date, the energy transfer mechanisms 
between these proteins and charge separation centers at a distance of more than 20 Å is not fully 
understood 9, 10. Another light-harvesting system where energy transfer over a long distance 
occurs is the Fenna-Matthews-Olson complex in green sulfur bacteria, which live in deep lakes 
where only a minor fraction of the sunlight is available 7, 11. These examples demonstrate that 
utilizing sunlight energy outside the main absorption region of photosynthetic complexes is a 
viable way to increase the efficiency of photosynthetic energy conversion for life in habitats with 
low sun intensities. 
 
In contrast to bridging the green gap with the help of natural building blocks, this goal can be 
achieved with synthetic chromophores12, 13 14-16. In this chapter, we study the chemical 
modification of PSI with multiple fluorescent dyes that absorb in the green region. The effect of 
dye modification on the photophysical properties and the activity of PSI in solution and in the dry 







5.2 Covalent attachment of dyes to PSI protein complex  
 
The protein complex of PSI used in this study was extracted from the thermophilic 
cyanobacterium T. Elongatus 17. Under the conditions of extraction PSI exists nearly exclusively 
as trimeric complex, with a size of a= 281.0 Å, b= 281.0 Å, c= 165.2 Å and a mass of about 1.05 
megadalton. Moreover, a large number of light harvesting cofactors are incorporated within PSI, 
i.e. 96 chlorophylls and 22 carotenoids per monomer. We have chosen for a PSI variant from an 
extremophile since such proteins are characterized by increased robustness which renders them 
less prone to loss of biological function upon chemical modification. Importantly, the PSI 
monomer employed in this study contains approximately 70 surface-exposed lysine residues that 
are available for attachment of dyes. The commercially available fluorescent dye ATTO 590 was 
chosen because of its large absorption in the green region, its high fluorescence quantum yield of 
80% and the lack of overlap with the PSI main absorption peak at 665 nm. The calculated Förster 
resonance energy transfer radius RATTO590-Chla of 57.3 Å 18, 19 may allow efficient energy transfer 
from the artificial emitter to PSI chlorophylls from any attachment point on the protein scaffold. 
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Figure 5.1. (a) Absorption spectra of PSI (black line) and ATTO 590 (red line). The emission spectrum of the dye 
is shown in green (excitation 590 nm). (b) Absorption spectra of PSI modified with a different number of ATTO 
590 dyes acquired after purification.  Up to 35 chromophores are attached to PSI on average. 
The lysine residues of PSI were modified with the N-hydroxysuccinimide ester derivative of 
ATTO 590. During the coupling reaction, various dye-to-protein ratios were selected in order to 
synthesize PSI conjugates exhibiting different numbers of organic dyes. The hybrids were 
purified by extensive dialysis prior to calculation of the amount of coupled dyes. The main 
absorption peaks (Figure 5.1a) of the ATTO 590 dye (590 nm) and PSI (665 nm) do not overlap, 
which allowed us to calculate the precise number of attached dyes by taking into account the 
absorption spectrum of the modified PSI and using the reported extinction coefficients 20. The 
average number of dyes attached to PSI was calculated to range on average from 5.2 to 34.8 dyes 
per PSI monomer for different coupling ratios (from 1x to 9x per 1 available NH2 group in PSI), 
as depicted in Figure 5.1b. To achieve these different degrees of modification of PSI, one up to 
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nine equivalents of activated dye molecules per surface exposed lysine were chosen during the 
conjugation reaction. The chemical modification did not affect the trimeric structure of the PSI 
complex, which was revealed by transmission electron microscopy (TEM) (Figure 5.2a). Due to 
the fact that we identified the surface-exposed lysine residues from a reported crystal structure we 
expected a homogenous distribution of the dyes at the available positions on the two faces of PSI. 
To exclude unspecific binding, PSI was treated with the non-reactive carboxylic acid derivative 
of ATTO 590 following the same coupling and purification procedures. No absorption in the 
green gap was observed and only unmodified PSI was recovered (Figure 5.2b). This proves the 
presence of a covalent bond between PSI and ATTO 590 and that the increased absorption is not 






























Figure 5.2. (a) TEM of PSI covalently functionalized with on average 20.5 ATTO 590 dyes per PSI monomer. 
Modified PSI maintains its trimeric structure. (b) The green line represents the absorption spectrum of native PSI. 
The black line indicates purified PSI that was incubated with a 7 fold excess of ATTO 590 only containing a 
carboxylic acid group instead of an activated ester. No additional absorption peak could be detected at 590 nm 
indicating that no unspecific binding between PSI and the dyes occurs. 
 
 
5.3 Time-resolved spectroscopy study of energy transfer from attached 
dyes to PSI protein complex   
 
Next, photoluminescence (PL) measurements were performed to characterize the dye-modified 
PSI complex, containing 6.0 dyes per PSI monomer on average. The fluorescence of ATTO 590 
when attached to PSI was quenched, which could indicate both energy transfer from the dye to 
PSI other dyes or direct electron transfer to the reaction center. However, when the dye was just 
mixed with PSI no reduction of ATTO 590 PL was observed in the steady-state measurements 
(Figure 5.3a). Time-resolved measurements additionally confirmed a bi-exponential PL decay 
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Figure 5.3. Steady-state (a) and time-resolved fluorescence (b) measurements of dye-modified PSI. (a) The 
fluorescence of ATTO 590 (black line) and ATTO 590 covalently attached to PSI (red line). Photo excitation was 
performed at 380 nm. Insertion shows normalized PL of PSI and PSI-ATTO 590 dyes at fixed PSI concentration (50 
ȝ0(b) Fluorescence decay of ATTO 590-PSI conjugate (red line) and of ATTO 590 dyes in absence of PSI (black 
OLQH7KHH[SHULPHQWVZHUHSHUIRUPHGDWWKHVDPHFRQFHQWUDWLRQRIG\HVȝ0EHLQg either dissolved in the buffer 
or attached to PSI. The ATTO 590-PSI conjugates had an average number of 6 dyes per PSI protein. 
In order to exclude an effect of the protein backbone on the fluorescence behaviour of the dye, 
bovine serum albumin (BSA), a protein lacking any photosynthetic activity, was modified with 
ATTO 590. Only a small change in steady-state fluorescence spectrum was detected and the 
emission decay was unaffected (see Figure 5.4). These control experiments confirm that energy 
transfer from dye to PSI indeed occurs within the dye-PSI conjugate. 
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Figure 5.4. (a) When ATTO 590 dyes are covalently attached to BSA their fluorescence is only marginally quenched 
(red spectrum) in relation to pristine chromophores (black spectrum). (b) Optical density of both solutions were 
equal. Right: Fluorescence decay of ATTO 590 dyes attached to PSI (red curve) is very similar to the ones of the 
pristine dyes (black curve).  
 
5.4 Oxygen consumption of modified PSI protein complexes  
 
To investigate if the energy transferred or electron transfer from the dye to PSI leads to an 
improved functionality, oxygen consumption experiments were carried out. The rate of electron 
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generation under illumination, which occurs through electron transfer from the P700 reaction 
center to the iron-sulfur cluster via the cascade electron-transfer chain mentioned in the 
introduction, can be measured directly by oxygen consumption experiments based on the Mehler 
reaction 21.  
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 PSI under coupling conditions
 PSI and ATTO590 not coupled
 
Figure 5.5. Oxygen consumption experiments of PSI covalently functionalized with ATTO 590 dyes using the 
procedure described in reference. (a) A faster oxygen consumption was observed for PSI that was on average 
modified with 32.2 ATTO 590 dyes on average (red) compared to the native PSI protein that was exposed to the 
same coupling conditions but without dye attachment (blue). PSI that is not exposed to basic coupling conditions 
exhibits increased functionality (green) compared to PSI that was in incubated in a high pH solution (blue). When 
ATTO 590 dyes are attached to BSA, which is not photoactive, no reaction was observed (grey). (b) The average 
number of coupled dyes per PSI protein was increased from 5 to 34. The maximum oxygen consumption activity 
was observed for 32 coupled dyes per PSI monomer. (c) White-light illumination was used as a source with an 
intensity of 36 mW/cm2. (d) Oxygen consumption of PSI exposed to basic coupling conditions (blue). When 
carboxylic acid-functionalized ATTO 590 dyes are added to PSI solution without chemical coupling, the oxygen 
consumption remains unaffected (grey). 
 
At the ferredoxin docking site, the electron is transferred to methyl viologen (MV+2) that is 
reduced to MV+1, which in turn reacts with molecular oxygen. The removal of oxygen can be 
easily measured by an oxygen electrode. The positively charged P700+• center is recharged with 




present in reaction solution. In this way, the activity of PSI under constant illumination can be 
measured for an extended period of time (see Experimental part)21.  
 
The oxygen consumption experiment was performed with native PSI and PSI modified with 
covalently attached ATTO 590 under white-light illumination (for spectrum see Figure 5.5c) as 
shown in Figure 5.5a. The time required for full oxygen consumption was reduced by a factor of 
4 for PSI coupled with 32.2 dyes as compared to pristine PSI that was exposed to the same 
conditions as the dye-modified PSI. Moreover, it was observed that with an increasing number of 
dyes attached to PSI, the oxygen-consumption rate increased (Figure 5.5b). The maximum 
charge-separation activity of the dye-modified PSI complex was observed when an average of 
32.2 dyes per PSI monomer was attached. An additional increase in the number of attached dyes 
did not lead to an increase in the functionality of the complex. This observation requires a more 
detailed study, but might originate from internal PSI structural changes when overloaded with 
attached dyes, or protein aggregation due to an increase in hydrophobicity of the protein surface. 
Our TEM studies showed that even after coupling of 20.5 dye molecules on average per PSI 
monomer the protein complex still retains its trimeric structure (Figure 5.2a). To verify that the 
increased oxygen consumption of PSI-dye complexes is indeed due to energy transfer from 
covalently coupled dyes to PSI, followed by subsequent charge separation, two control 
experiments were carried out. In the first one, the dye was covalently attached to a non-
photoactive bovine serum albumin (BSA) scaffold following the same coupling procedure as for 
PSI (see Methods). In this control experiment, no oxygen consumption was detected, showing 
that the dyes by themselves do not lead to the oxygen consumption (Figure 5.5a). In the second 
experiment, carboxylic acid-functionalized ATTO 590 dyes (instead of the activated ester 
derivatives) were present together with PSI in the reaction buffer, ensuring that no covalent bonds 
could be formed with the PSI backbone. In this control experiment, no change in the oxygen 
consumption was detected with respect to pristine PSI (Figure 5.5d). These control experiments 
prove that the boost in functionality of the dye-modified PSI results from additional energy 
transfer from the organic dyes to PSI. This transfer does only occur if the dyes are covalently 
attached to the multi-protein scaffold. 
 
To further investigate the origin of the increased oxygen consumption, experiments with selective 
excitation were performed. Therefore, optical filters were introduced into the measurement setup. 
With a 660 nm band pass filter, thereby exciting the photosystem directly (ATTO 590 dyes are 
not excited), the oxygen-consumption rate of dye-modified PSI was similar to the rate of pristine 
PSI, which indicates that the chemical modification did not affect the PSI functionality and that 
the increased activity is not due to direct photo-reduction of MV+2 from the ATTO 590 dyes. In 
contrast, when a 580 nm band pass filter was introduced, dye-modified PSI showed significantly 
increased activity in relation to native PSI under the same conditions (Figure 5.6). Interestingly, 
the oxygen-consumption rate for modified PSI excited at 580 nm (dye absorption) was measured 
to be faster than native PSI excited at 660 nm (main absorption peak of PSI). This again indicates 
the occurrence of efficient energy transfer from the dyes to the main absorption peak of PSI. 
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Figure 5.6. Normalized oxygen consumption experiment employing narrow bandpass filters 580 nm (FWHM: 10 ± 
2 nm) and 660 nm (FWHM: 10 ± 2 nm) both exhibiting 50% transmission. Native PSI (black) and ATTO 590-
modified PSI (red) show a similar oxygen-consumption rate when the 660 nm bandpass filter was introduced, with 
0.96 mW/cm2 light power intensity after filter passing. The ATTO 590-PSI conjugate shows a ~2 fold faster oxygen-
consumption rate (orange) in comparison with native PSI (blue) when applying the 580 nm bandpass filter, with 0.84 
mW/cm2 light power intensity after filter passing.   
 
5.5 Study of PSI-dye conjugate activity with the help of Kelvin 
spectroscopy  
 
In addition to measuring charge separation of modified PSI in buffer solution, its activity was 
assessed in the solid state by means of surface photovoltage spectroscopy (SPV). We estimated 
that 2/3 of all charged amino acids (lysine, arginine, glutamic and aspartic acid and partly 
histidine in PSI) are located on the side of the iron-sulfur clusters of the PSI, Figure 5.7a. The 
corresponding amino acids are available for H-bonding and electrostatic interaction and therefore 
greatly facilitate self-assembly of this protein into a monolayer on a 2-mercaptoethanol modified 
gold surface via interactions with the polar hydroxyl groups. The majority of self-assembled PSI 
is oriented with the iron-sulfur clusters toward the gold surface. Light-induced charge separation 
in an oriented PSI monolayer assembled results in a dipole formation under illumination22 
(Figure 5.7b). Under illumination, the charges are separated along the protein backbone and 
cannot be compensated by electron-accepting and donating molecules, as in the oxygen-
consumption experiment. The light-activated charged dipole modifies the work function of the 
gold surface under constant illumination, which can be measured as a contact potential difference 
(CPD) as a function of excitation wavelength. The dipole direction as measured with SPV can be 
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Figure 5.7. (a) 3D structure of PSI-monomer according to a crystal structure analysis.10 Available amino groups of 
lysine residues for dye coupling on the top and bottom sides of PSI surface are indicated in red. The picture was 
generated with PyMOL software and ACD/ChemSketch. (b) Schematic picture of light induced charge separation in 
PSI-monomer with attached dyes (blue circles). (c) SPV spectra of native PSI monolayer on gold surface. The 
contact potential difference (CPD) under illumination of unmodified PSI showed negative values (green line), which 
coincide with the absorption spectrum of the unmodified multi-protein complex (inserted graph). (d) SPV spectra of 
PSI-ATTO 590 monolayer whereas the modified PSI spectrum (red line) showed appearance of a new peak in CPD 
at 590 nm (indicated by arrow), corresponding to the absorption spectrum of the dye-modified protein complex 
(inserted graph). PSI was modified with 6 ATTO 590 dyes on average per PSI monomer. 
 
In Figure 5.7c, the surface photovoltage (where SPV =-ǻ&3'VSHFWUXPRIQDWLYH36,VKRZVWKH
same features as the PSI absorption spectrum. This indicates that charge separation indeed occurs 
upon excitation of a self-assembled PSI monolayer. For the dye-modified PSI (6 dyes attached), 
an additional peak appears in the SPV spectrum at a wavelength of 590 nm, which coincides with 
the absorption maximum of the coupled dye (Figure 5.7d). This feature is absent in the SPV 
spectrum of unmodified PSI. The appearance of a peak around 590 nm clearly indicates that the 
energy absorbed by the dyes is transferred to PSI and subsequently results in charge separation. A 
control experiment with dye-modified BSA (Figure 5.8b) did not show any discernable features 
in the SPV spectrum (Figure 5.8a), which confirms that dye coupling to a photoactive protein 
scaffold is necessary for the additional peak in the SPV spectrum. In order to exhibit changes in 
the SPV spectrum, the energy absorbed by the attached dyes has to be coupled to a PSI-mediated 
charge separation reaction, which is absent in BSA. As a result, these experiments prove the 
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energy transfer and subsequent charge separation in PSI even in dry conditions as for example in 
a solid-state biosolar cell23.  
 
a) 
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Figure 5.8. (a) Absorption spectrum of BSA covalently modified with ATTO 590 after purification. This conjugate 
was used for the SPV experiments. Pristine BSA does not show any absorption in the visible region. (b) BSA 
modified with ATTO 590 dyes do not show any features in CPD spectra of the substrate at absorbing wavelength in 
comparison with PSI protein modifies in the same way. 
 
In previous studies, chemical coupling of organic dyes to the small reaction center of the purple 
photosynthetic bacterium Rhodobacter sphaeroide with a molecular weight of 100 000 Da24 has 
been achieved and resulted in extended absorption spectra12, 13 14-16. A 2-3 fold enhancement in 
the charge separation rate was reported in solution when illuminating the bioorganic hybrid 
system at single wavelengths coinciding with the absorption maxima of the attached dyes15, 16. In 
contrast, we have demonstrated an up to 4 times improved functionality under white-light 
irradiation within a molecular complex that is one order of magnitude larger than the previously 
utilized reaction center. Hence we demonstrate that energy transfer can be easily accomplished 
within significantly larger dimensions between synthetic dyes and the natural antenna system. 
Broadening the absorption of a similar photosynthetic complex has been realized by conjugation 
of metal nanoparticles25. However, the effect of the inorganic nano-objects on the energy 
conversion of light into separated charges has not been investigated. Finally, we demonstrate here 
for the first time that functionality of PSI-dye hybrids can also operate with increased 
functionality in the dry state. 
 
5.6 Conclusions  
 
In conclusion, we have enhanced the activity of PSI by covalently coupling fluorescent dyes. The 
attached chromophores significantly enhance the absorption of the protein complex in the green 
region, where PSI does not absorb efficiently. Energy transfer from the organic dyes to PSI was 
confirmed by steady-state and time-resolved photoluminescence measurements. The dye-




white-light excitation, indicating that the biochemical activity of PSI is significantly improved by 
covalent dye conjugation. The oxygen-consumption rate additionally showed a clear dependence 
on the number of attached dyes, reaching saturation for around 32 coupled dyes per monomer of 
PSI. Ultimately, charge separation in PSI upon excitation of the coupled dye was observed in an 
SPV experiment in a self-assembled monolayer on a solid metal surface. Our study shows that 
covalently coupled dyes can be used to fill the green gap in PSI and enhance the charge 
separation in this large megadalton protein complex both in solution and in dry conditions. As 
such, the hybrid systems consisting of PSI and organic chromophores reported herein represent 
important conjugates because they might serve as models to study energy transfer processes to 
and within PSI and they might improve the photovoltaic conversion efficiency of PSI as active 
component in biophotovoltaic devices and hydrogen production cells.  
 
5.7 Methods  
 
Cell cultivation. The thermophilic cyanobacterium T. Elongatus was grown under agitation (150 
rpm) in BG11 medium17. The temperature was kept at 56°C, continuous light was applied at 50-
60 μEinstein×m-2 ×s-1 and cell growth pursued until late log phase. At last, the cells were 
harvested by centrifugation [JLA 9.100 rotor, Beckman; 7500×g; 15 min], resuspended in Buffer 
A [20 mM HEPES (pH 7.5); 10 mM MgCl2; 10 mM CaCl2; 500 mM mannitol], snap-frozen in 
liquid nitrogen and stored at -80°C.  
Thylakoid membrane preparation. Thylakoid membranes were prepared according to the 
following protocol, which represents a combination of two previously described preparation 
methods 26, 27. To this end, fresh or frozen cells were re-suspended in Buffer A and homogenized 
five times using a Dounce homogenizer. After addition of lysozyme [final concentration: 0.5% 
(wt/vol)] and a tip of a spatula of DNase, the cell suspension was incubated under slow agitation 
for 45 min at 37°C in the dark. Subsequently, the cells were lysed by two passages through a 
French Press (15000 psi; Constant Systems Limited, UK). Membranes were collected by 
centrifugation [JLA 16.250 rotor, Beckman; 38000×g; 20 min] and washed with Buffer A 
containing 3M NaBr. Afterwards, the membrane suspension was washed once with Buffer A and 
three times with Buffer containing 0.05% DDM (n-dodecyl-ȕ-D-maltoside) in order to remove 
the phycobilisomes. Finally, the thylakoid membranes were solubilized by incubation in Buffer A 
supplemented with 0.6% DDM for 30 min at 20°C in the dark. Non-solubilized material was 
pelleted by centrifugation [JLA 16.250 rotor, Beckman; 16000 rpm (38000×g); 20 min] and the 
supernatant was subjected to subsequent purification steps. 
Photosystem I purification. For PSI purification, fast liquid protein chromatography was applied 
on solubilized thylakoid membranes acc. to 26, 27. The chromatographic purification was 
performed on ÄKTA Explorer 10 (GE Healthcare) using an anion exchange column (HiTrapTM Q 
HP, GE Healthcare). After column equilibration with Buffer A + 0.03%  DDM, the sample was 
loaded and subsequently eluted by a linear gradient of (0-1 M) MgSO4. The green fluorescent 
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fractions representing homogenous trimeric PSI were collected and afterwards desalted with 
Buffer A + 0.03% DDM using Vivaspin 20 columns (molecular weight cut-off: 100 kDa; GE 
Healthcare). Finally, the purified PSI sample was adjusted to a Chl a (Chlorophyll a) 
concentration of 320 μM (with Buffer A + 0.03% DDM), snap-frozen in liquid nitrogen and 
stored at -80°C. 
 
Determination of chlorophyll a and protein concentration. Chl a determination was performed in 
100% methanol as described in Porra et al20. 
 
Dye coupling to PSI and purification. N-hydroxysuccinimide ester of ATTO 590 was purchased 
from ATTO-tec. The dye was solubilized in dry DMF at a concentration of 10 mM. The coupling 
reaction was carried out at slightly alcalic conditions. To this end, the pH of PSI aliquots in 
Buffer A+ 0.03%  DDM (50 ml) was adjusted to 9.2 by NaOH addition (aq). The 10 μL of ATTO 
590 was added together with 400 μL of PSI sample (with Chl a concentration of 320 mM) into 
coupling buffer for 1 hour at 4°C. Various stoichiometries of dye to surface exposed amine 
groups within PSI ranging from one to nine were adjusted. To separate the PSI-dye conjugates 
from the unbound dyes, a 100.000 MWCO viva spin centrifugal dialysis device was used multiple 
rounds at 4°C (between 20 to 50 times buffer was added depending on the coupling ratio). The 
purification procedure was repeated until the removed buffer solution did not show any detectable 
amounts of ATTO 590 as determined by a UV-vis spectrophotometer (Jasco V-630). Finally, the 
Chl a concentration was determined by UV-vis measurements to calculate the average number of 
dyes attached to PSI, taking into account that each monomer contains 96 porphyrin molecules. 
 
Oxygen consumption measurement. The electron transport  rates of purified PSI complexes were 
monitored by measuring the light-induced oxygen consumption based on the Mehler reaction21. 
Measurements were obtained with an OXELP oxygen electrode (World Precision Instruments 
GmbH, Germany) at ambient temperature. After PSI was diluted with reaction buffer [30 mM 
HEPES (pH 7.5); 3 mM MgCl2; 50 mM KCl; 330 mM mannitol; 0.03% DDM] to a final Chl a 
concentration of 4 μg/ml, methyl viologen [final concentration: 6 mM], 2,6-
Dichlorophenolindophenol [160 μM] and sodium ascorbate [2 mM] were added to the reaction. In 
order to ensure that the observed oxygen consumption is due to PSI activity, the PSII specific 
inhibitor 3-(3,4-dichloro-phenyl)-1,1-dimethyl-urea [10 μM] was present at all times. At first, the 
solution was stirred in the dark until a stable oxygen concentration was measured (usually 5 min). 
The assay was started by illumination with actinic light or yellow light (590 nm) and, 
subsequently, the oxygen consumption was monitored. Calibration of the setup was realized by 
measuring total currents of oxygen- versus nitrogen-saturated assay buffer.  
 
PSI monolayer preparation. First, an Au surface was modified with 2-mercaptoethanol by 
exposing a 1 mM linker solution to the substrate overnight. A 20 ȝP PSI solution was drop casted 
on these substrates and kept in a closed jar to prevent PSI solution evaporation. After 2 h of 




AFM study of self-assembled PSI monolayer. Height images were recorded in tapping mode by a 
Multimode 8 instrument with ScanAsyst and Controller V form Bruker. The instrument was 
equipped with a TESP silicon probe (42 N/m spring constant and tip radius of less than 10 nm) 
and operated at 320 kHz resonance frequency. Analysis of height images was performed with 
NanoScopeAnalysis 1.4 software. 
Kelvin microscope characterization. The changes in contact potential difference (CPD) were 
measured by the Kelvin probe technique using a reference gold electrode (Besocke Deltha Phi, 
Germany). The measurements were conducted at room temperature in a nitrogen-rich ambient 
environment (~14% humidity). The samples were placed in a fully darkened Faraday cage and the 
CPD was monitored until it reached a constant value (±1 mV) before illumination was turned on. 
For SPV, the CPD signal was monitored as a function of photon energy. The illumination was 
provided by a 350 W xenon-mercury light source (Oriel Inc., USA) and passed through a double 
monochromator, model MS257 (Oriel Inc., USA). The light intensity was in the range 10–
50 mW/cm2, with wavelength intervals of 1 nm and duration of 6 s per interval.  
 
Photoluminescence measurements. The samples were excited at 380 nm by the second harmonic 
of a mode-locked Ti:Sapphire laser delivering pulses of 150 fs with a repetition frequency of 
76 MHz. The steady state PL was recorded using a silicon CCD detector from Hamamatsu, while 
the time-resolved PL was recorded by a Hamamatsu streak camera working in synchroscan mode. 
The PL spectra are corrected for the spectral response of the setup. All measurements are 
performed at room temperature. 
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